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Formation of New Species 
By the end of this section, you will be able to: 


¢ Define species and describe how species are identified as different 
e Describe genetic variables that lead to speciation 

e Identify prezygotic and postzygotic reproductive barriers 

Explain allopatric and sympatric speciation 

e Describe adaptive radiation 


Although all life on earth shares various genetic similarities, only certain 
organisms combine genetic information by sexual reproduction and have 
offspring that can then successfully reproduce. Scientists call such 
organisms members of the same biological species. 


Species and the Ability to Reproduce 


A species is a group of individual organisms that interbreed and produce 
fertile, viable offspring. According to this definition, one species is 
distinguished from another when, in nature, it is not possible for matings 
between individuals from each species to produce fertile offspring. 


Members of the same species share both external and internal 
characteristics, which develop from their DNA. The closer relationship two 
organisms share, the more DNA they have in common, just like people and 
their families. People’s DNA is likely to be more like their father or 
mother’s DNA than their cousin or grandparent’s DNA. Organisms of the 
same species have the highest level of DNA alignment and therefore share 
characteristics and behaviors that lead to successful reproduction. 


Species’ appearance can be misleading in suggesting an ability or inability 
to mate. For example, even though domestic dogs (Canis lupus familiaris) 
display phenotypic differences, such as size, build, and coat, most dogs can 
interbreed and produce viable puppies that can mature and sexually 
reproduce ([link]). 


The (a) poodle and (b) cocker spaniel can reproduce to 
produce a breed known as (c) the cockapoo. (credit a: 
modification of work by Sally Eller, Tom Reese; credit 
b: modification of work by Jeremy McWilliams; credit 
c: modification of work by Kathleen Conklin) 


In other cases, individuals may appear similar although they are not 
members of the same species. For example, even though bald eagles 
(Haliaeetus leucocephalus) and African fish eagles (Haliaeetus vocifer) are 
both birds and eagles, each belongs to a separate species group ({link]). If 
humans were to artificially intervene and fertilize the egg of a bald eagle 
with the sperm of an African fish eagle and a chick did hatch, that offspring, 
called a hybrid (a cross between two species), would probably be infertile 
—unable to successfully reproduce after it reached maturity. Different 
species may have different genes that are active in development; therefore, 
it may not be possible to develop a viable offspring with two different sets 
of directions. Thus, even though hybridization may take place, the two 
species still remain separate. 


The (a) African fish eagle is similar in 
appearance to the (b) bald eagle, but the two 
birds are members of different species. 
(credit a: modification of work by Nigel 
Wedge; credit b: modification of work by 
U.S. Fish and Wildlife Service) 


Populations of species share a gene pool: a collection of all the variants of 
genes in the species. Again, the basis to any changes in a group or 
population of organisms must be genetic for this is the only way to share 
and pass on traits. When variations occur within a species, they can only be 
passed to the next generation along two main pathways: asexual 
reproduction or sexual reproduction. The change will be passed on 
asexually simply if the reproducing cell possesses the changed trait. For the 
changed trait to be passed on by sexual reproduction, a gamete, such as a 
sperm or egg cell, must possess the changed trait. In other words, sexually- 
reproducing organisms can experience several genetic changes in their body 
cells, but if these changes do not occur in a sperm or egg cell, the changed 
trait will never reach the next generation. Only heritable traits can evolve. 
Therefore, reproduction plays a paramount role for genetic change to take 
root in a population or species. In short, organisms must be able to 
reproduce with each other to pass new traits to offspring. 


Speciation 


The biological definition of species, which works for sexually reproducing 
organisms, is a group of actually or potentially interbreeding individuals. 


There are exceptions to this rule. Many species are similar enough that 
hybrid offspring are possible and may often occur in nature, but for the 
majority of species this rule generally holds. In fact, the presence in nature 
of hybrids between similar species suggests that they may have descended 
from a single interbreeding species, and the speciation process may not yet 
be completed. 


Given the extraordinary diversity of life on the planet there must be 
mechanisms for speciation: the formation of two species from one original 
species. Darwin envisioned this process as a branching event and 
diagrammed the process in the only illustration found in On the Origin of 
Species ([{link]a). Compare this illustration to the diagram of elephant 
evolution ([link]b), which shows that as one species changes over time, it 
branches to form more than one new species, repeatedly, as long as the 
population survives or until the organism becomes extinct. 
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The only illustration in Darwin's On the Origin of Species is 
(a) a diagram showing speciation events leading to 
biological diversity. The diagram shows similarities to 
phylogenetic charts that are drawn today to illustrate the 
relationships of species. (b) Modern elephants evolved from 
the Palaeomastodon, a species that lived in Egypt 35—50 
million years ago. 


For speciation to occur, two new populations must be formed from one 
original population and they must evolve in such a way that it becomes 
impossible for individuals from the two new populations to interbreed. 
Biologists have proposed mechanisms by which this could occur that fall 
into two broad categories. Allopatric speciation (allo- = "other"; -patric = 
"homeland") involves geographic separation of populations from a parent 
species and subsequent evolution. Sympatric speciation (sym- = "same"; - 
patric = "homeland") involves speciation occurring within a parent species 
remaining in one location. 


Biologists think of speciation events as the splitting of one ancestral species 
into two descendant species. There is no reason why there might not be 
more than two species formed at one time except that it is less likely and 
multiple events can be conceptualized as single splits occurring close in 
time. 


Allopatric Speciation 


A geographically continuous population has a gene pool that is relatively 
homogeneous. Gene flow, the movement of alleles across the range of the 
species, is relatively free because individuals can move and then mate with 
individuals in their new location. Thus, the frequency of an allele at one end 
of a distribution will be similar to the frequency of the allele at the other 
end. When populations become geographically discontinuous, that free- 
flow of alleles is prevented. When that separation lasts for a period of time, 
the two populations are able to evolve along different trajectories. Thus, 
their allele frequencies at numerous genetic loci gradually become more 
and more different as new alleles independently arise by mutation in each 
population. Typically, environmental conditions, such as climate, resources, 
predators, and competitors for the two populations will differ causing 
natural selection to favor divergent adaptations in each group. 


Isolation of populations leading to allopatric speciation can occur in a 
variety of ways: a river forming a new branch, erosion forming a new 
valley, a group of organisms traveling to a new location without the ability 
to return, or seeds floating over the ocean to an island. The nature of the 


geographic separation necessary to isolate populations depends entirely on 
the biology of the organism and its potential for dispersal. If two flying 
insect populations took up residence in separate nearby valleys, chances 
are, individuals from each population would fly back and forth continuing 
gene flow. However, if two rodent populations became divided by the 
formation of a new lake, continued gene flow would be unlikely; therefore, 
speciation would be more likely. 


Biologists group allopatric processes into two categories: dispersal and 
vicariance. Dispersal is when a few members of a species move to a new 
geographical area, and vicariance is when a natural situation arises to 
physically divide organisms. 


Scientists have documented numerous cases of allopatric speciation taking 
place. For example, along the west coast of the United States, two separate 
sub-species of spotted owls exist. The northern spotted owl has genetic and 
phenotypic differences from its close relative: the Mexican spotted owl, 
which lives in the south ([link]). 


Mexican Spotted Owl 


The northern spotted owl and 


the Mexican spotted owl 
inhabit geographically 
separate locations with 
different climates and 
ecosystems. The owl is an 
example of allopatric 
speciation. (credit "northern 
spotted owl": modification of 
work by John and Karen 
Hollingsworth; credit 
"Mexican spotted owl": 
modification of work by Bill 
Radke) 


Additionally, scientists have found that the further the distance between two 
groups that once were the same species, the more likely it is that speciation 
will occur. This seems logical because as the distance increases, the various 
environmental factors would likely have less in common than locations in 
close proximity. Consider the two owls: in the north, the climate is cooler 
than in the south; the types of organisms in each ecosystem differ, as do 
their behaviors and habits; also, the hunting habits and prey choices of the 
southern owls vary from the northern owls. These variances can lead to 
evolved differences in the owls, and speciation likely will occur. 


Adaptive Radiation 


In some cases, a population of one species disperses throughout an area, 
and each finds a distinct niche or isolated habitat. Over time, the varied 
demands of their new lifestyles lead to multiple speciation events 
originating from a single species. This is called adaptive radiation because 
many adaptations evolve from a single point of origin; thus, causing the 
species to radiate into several new ones. Island archipelagos like the 
Hawaiian Islands provide an ideal context for adaptive radiation events 
because water surrounds each island which leads to geographical isolation 


for many organisms. The Hawaiian honeycreeper illustrates one example of 
adaptive radiation. From a single species, called the founder species, 
numerous species have evolved, including the six shown in [link]. 


The honeycreeper birds illustrate adaptive 
radiation. From one original species of 
bird, multiple others evolved, each with 

its own distinctive characteristics. 


Notice the differences in the species’ beaks in [link]. Evolution in response 
to natural selection based on specific food sources in each new habitat led 
to evolution of a different beak suited to the specific food source. The seed- 
eating bird has a thicker, stronger beak which is suited to break hard nuts. 
The nectar-eating birds have long beaks to dip into flowers to reach the 
nectar. The insect-eating birds have beaks like swords, appropriate for 


stabbing and impaling insects. Darwin’s finches are another example of 
adaptive radiation in an archipelago. 


Note: 
Link to Learning 


Click through this interactive site to see how island birds evolved in 
evolutionary increments from 5 million years ago to today. 


Sympatric Speciation 


Can divergence occur if no physical barriers are in place to separate 
individuals who continue to live and reproduce in the same habitat? The 
answer is yes. The process of speciation within the same space is called 
sympatric speciation; the prefix “sym” means same, so “sympatric” means 
“same homeland” in contrast to “allopatric” meaning “other homeland.” A 
number of mechanisms for sympatric speciation have been proposed and 
studied. 


One form of sympatric speciation can begin with a serious chromosomal 
error during cell division. In a normal cell division event chromosomes 
replicate, pair up, and then separate so that each new cell has the same 
number of chromosomes. However, sometimes the pairs separate and the 
end cell product has too many or too few individual chromosomes in a 
condition called aneuploidy ((link]). 


Note: 
Art Connection 


Aneuploidy Resulting in Offspring with 2n + 1 or 2n - 1 Chromosomes 


Nondisjunction Mating with 
during meiosis normal gamete 
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Aneuploidy results when the gametes have too 
many or too few chromosomes due to 
nondisjunction during meiosis. In the example 
shown here, the resulting offspring will have 
2n+1 or 2n-1 chromosomes 


Diploid (2n) 


Which is most likely to survive, offspring with 2n+1 chromosomes or 
offspring with 2n-1 chromosomes? 


Polyploidy is a condition in which a cell or organism has an extra set, or 
sets, of chromosomes. Scientists have identified two main types of 
polyploidy that can lead to reproductive isolation of an individual in the 
polyploidy state. Reproductive isolation is the inability to interbreed. In 
some cases, a polyploid individual will have two or more complete sets of 
chromosomes from its own species in a condition called autopolyploidy 
({link]). The prefix “auto-” means “self,” so the term means multiple 
chromosomes from one’s own species. Polyploidy results from an error in 


meiosis in which all of the chromosomes move into one cell instead of 
separating. 


Autopolyploidy Resulting in Offspring with Two Sets 
of Chromosomes 
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| Diploid parent (2n) Polyploid offspring (4n) 


Autopolyploidy results when 
mitosis is not followed by 
cytokinesis. 


For example, if a plant species with 2n = 6 produces autopolyploid gametes 
that are also diploid (2n = 6, when they should be n = 3), the gametes now 
have twice as many chromosomes as they should have. These new gametes 
will be incompatible with the normal gametes produced by this plant 
species. However, they could either self-pollinate or reproduce with other 
autopolyploid plants with gametes having the same diploid number. In this 
way, sympatric speciation can occur quickly by forming offspring with 4n 
called a tetraploid. These individuals would immediately be able to 
reproduce only with those of this new kind and not those of the ancestral 
species. 


The other form of polyploidy occurs when individuals of two different 
species reproduce to form a viable offspring called an allopolyploid. The 
prefix “allo-” means “other” (recall from allopatric): therefore, an 
allopolyploid occurs when gametes from two different species combine. 
[link] illustrates one possible way an allopolyploid can form. Notice how it 
takes two generations, or two reproductive acts, before the viable fertile 
hybrid results. 


Alloploidy Resulting from Viable Matings between Two Species 
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Alloploidy results when two species mate to 
produce viable offspring. In the example shown, a 
normal gamete from one species fuses with a 
polyploidy gamete from another. Two matings are 
necessary to produce viable offspring. 


The cultivated forms of wheat, cotton, and tobacco plants are all 
allopolyploids. Although polyploidy occurs occasionally in animals, it takes 
place most commonly in plants. (Animals with any of the types of 
chromosomal aberrations described here are unlikely to survive and 
produce normal offspring.) Scientists have discovered more than half of all 
plant species studied relate back to a species evolved through polyploidy. 
With such a high rate of polyploidy in plants, some scientists hypothesize 
that this mechanism takes place more as an adaptation than as an error. 


Reproductive Isolation 


Given enough time, the genetic and phenotypic divergence between 
populations will affect characters that influence reproduction: if individuals 
of the two populations were to be brought together, mating would be less 
likely, but if mating occurred, offspring would be non-viable or infertile. 
Many types of diverging characters may affect the reproductive isolation, 
the ability to interbreed, of the two populations. 


Reproductive isolation can take place in a variety of ways. Scientists 
organize them into two groups: prezygotic barriers and postzygotic barriers. 
Recall that a zygote is a fertilized egg: the first cell of the development of 
an organism that reproduces sexually. Therefore, a prezygotic barrier is a 
mechanism that blocks reproduction from taking place; this includes 
barriers that prevent fertilization when organisms attempt reproduction. A 
postzygotic barrier occurs after zygote formation; this includes organisms 
that don’t survive the embryonic stage and those that are born sterile. 


Some types of prezygotic barriers prevent reproduction entirely. Many 
organisms only reproduce at certain times of the year, often just annually. 
Differences in breeding schedules, called temporal isolation, can act as a 
form of reproductive isolation. For example, two species of frogs inhabit 
the same area, but one reproduces from January to March, whereas the 
other reproduces from March to May ((Link]). 


(a) (b) 


These two related frog species exhibit temporal 
reproductive isolation. (a) Rana aurora breeds 
earlier in the year than (b) Rana boylii. (credit 
a: modification of work by Mark R. Jennings, 

USFWS; credit b: modification of work by 
Alessandro Catenazzi) 


In some cases, populations of a species move or are moved to a new habitat 
and take up residence in a place that no longer overlaps with the other 


populations of the same species. This situation is called habitat isolation. 
Reproduction with the parent species ceases, and a new group exists that is 
now reproductively and genetically independent. For example, a cricket 
population that was divided after a flood could no longer interact with each 
other. Over time, the forces of natural selection, mutation, and genetic drift 
will likely result in the divergence of the two groups ([link]). 


(a) Gryllus pennsylvanicus prefers (b) Gryllus firmus prefers loamy soil. 
sandy soil. 


Speciation can occur when two populations 
occupy different habitats. The habitats need 
not be far apart. The cricket (a) Gryllus 
pennsylvanicus prefers sandy soil, and the 
cricket (b) Gryllus firmus prefers loamy soil. 
The two species can live in close proximity, 
but because of their different soil 
preferences, they became genetically 
isolated. 


Behavioral isolation occurs when the presence or absence of a specific 
behavior prevents reproduction from taking place. For example, male 
fireflies use specific light patterns to attract females. Various species of 
fireflies display their lights differently. If a male of one species tried to 
attract the female of another, she would not recognize the light pattern and 
would not mate with the male. 


Other prezygotic barriers work when differences in their gamete cells (eggs 
and sperm) prevent fertilization from taking place; this is called a gametic 
barrier. Similarly, in some cases closely related organisms try to mate, but 
their reproductive structures simply do not fit together. For example, 
damselfly males of different species have differently shaped reproductive 
organs. If one species tries to mate with the female of another, their body 
parts simply do not fit together. ((link]). 
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The shape of the male reproductive organ varies 
among male damselfly species, and is only compatible 
with the female of that species. Reproductive organ 
incompatibility keeps the species reproductively 
isolated. 


In plants, certain structures aimed to attract one type of pollinator 
simultaneously prevent a different pollinator from accessing the pollen. The 
tunnel through which an animal must access nectar can vary widely in 
length and diameter, which prevents the plant from being cross-pollinated 
with a different species ((link]). 


(a) Honeybee drinking nectar (b) Ruby-throated hummingbird drinking nectar from a 
from a foxglove flower trumpet creeper flower 


Some flowers have evolved to attract certain 
pollinators. The (a) wide foxglove flower is 
adapted for pollination by bees, while the (b) 
long, tube-shaped trumpet creeper flower is 
adapted for pollination by humming birds. 


When fertilization takes place and a zygote forms, postzygotic barriers can 
prevent reproduction. Hybrid individuals in many cases cannot form 
normally in the womb and simply do not survive past the embryonic stages. 
This is called hybrid inviability because the hybrid organisms simply are 
not viable. In another postzygotic situation, reproduction leads to the birth 
and growth of a hybrid that is sterile and unable to reproduce offspring of 
their own; this is called hybrid sterility. 


Habitat Influence on Speciation 


Sympatric speciation may also take place in ways other than polyploidy. 
For example, consider a species of fish that lives in a lake. As the 
population grows, competition for food also grows. Under pressure to find 
food, suppose that a group of these fish had the genetic flexibility to 
discover and feed off another resource that was unused by the other fish. 
What if this new food source was found at a different depth of the lake? 
Over time, those feeding on the second food source would interact more 
with each other than the other fish; therefore, they would breed together as 
well. Offspring of these fish would likely behave as their parents: feeding 


and living in the same area and keeping separate from the original 
population. If this group of fish continued to remain separate from the first 
population, eventually sympatric speciation might occur as more genetic 
differences accumulated between them. 


This scenario does play out in nature, as do others that lead to reproductive 
isolation. One such place is Lake Victoria in Africa, famous for its 
sympatric speciation of cichlid fish. Researchers have found hundreds of 
sympatric speciation events in these fish, which have not only happened in 
great number, but also over a short period of time. [link] shows this type of 
speciation among a cichlid fish population in Nicaragua. In this locale, two 
types of cichlids live in the same geographic location but have come to have 
different morphologies that allow them to eat various food sources. 


Thin-lipped cichlid Thick-lipped cichlid 


Cichlid fish from Lake Apoyeque, Nicaragua, show evidence 
of sympatric speciation. Lake Apoyeque, a crater lake, is 1800 
years old, but genetic evidence indicates that the lake was 
populated only 100 years ago by a single population of cichlid 
fish. Nevertheless, two populations with distinct morphologies 
and diets now exist in the lake, and scientists believe these 
populations may be in an early stage of speciation. 


Section Summary 


Speciation occurs along two main pathways: geographic separation 
(allopatric speciation) and through mechanisms that occur within a shared 
habitat (sympatric speciation). Both pathways isolate a population 


reproductively in some form. Mechanisms of reproductive isolation act as 
barriers between closely related species, enabling them to diverge and exist 
as genetically independent species. Prezygotic barriers block reproduction 
prior to formation of a zygote, whereas postzygotic barriers block 
reproduction after fertilization occurs. For a new species to develop, 
something must cause a breach in the reproductive barriers. Sympatric 
speciation can occur through errors in meiosis that form gametes with extra 
chromosomes (polyploidy). Autopolyploidy occurs within a single species, 
whereas allopolyploidy occurs between closely related species. 


Art Connections 


Exercise: 


Problem: 


[link] Which is most likely to survive, offspring with 2n+1 
chromosomes or offspring with 2n-1 chromosomes? 


Solution: 
[link] Loss of genetic material is almost always lethal, so offspring 
with 2n+1 chromosomes are more likely to survive. 

Review Questions 


Exercise: 


Problem: 
Which situation would most likely lead to allopatric speciation? 


a. flood causes the formation of a new lake. 

b. A storm causes several large trees to fall down. 

c. A mutation causes a new trait to develop. 

d. An injury causes an organism to seek out a new food source. 


Solution: 


A 
Exercise: 


Problem: 
What is the main difference between dispersal and vicariance? 


a. One leads to allopatric speciation, whereas the other leads to 
sympatric speciation. 

b. One involves the movement of the organism, and the other 
involves a change in the environment. 

c. One depends on a genetic mutation occurring, and the other does 
not. 

d. One involves closely related organisms, and the other involves 
only individuals of the same species. 


Solution: 


B 
Exercise: 


Problem: 


Which variable increases the likelihood of allopatric speciation taking 
place more quickly? 


a. lower rate of mutation 

b. longer distance between divided groups 

c. increased instances of hybrid formation 

d. equivalent numbers of individuals in each population 


Solution: 


B 


Exercise: 


Problem: 
What is the main difference between autopolyploid and allopolyploid? 


a. the number of chromosomes 

b. the functionality of the chromosomes 

c. the source of the extra chromosomes 

d. the number of mutations in the extra chromosomes 


Solution: 


C 


Exercise: 


Problem: Which reproductive combination produces hybrids? 


a. when individuals of the same species in different geographical 
areas reproduce 

b. when any two individuals sharing the same habitat reproduce 

c. when members of closely related species reproduce 

d. when offspring of the same parents reproduce 


Solution: 


C 
Exercise: 


Problem: 


Which condition is the basis for a species to be reproductively isolated 
from other members? 


a. It does not share its habitat with related species. 
b. It does not exist out of a single habitat. 


c. It does not exchange genetic information with other species. 
d. It does not undergo evolutionary changes for a significant period 
of time. 


Solution: 


‘s 


Exercise: 


Problem: Which situation is not an example of a prezygotic barrier? 


a. Two species of turtles breed at different times of the year. 
b. Two species of flowers attract different pollinators. 

c. Two species of birds display different mating dances. 

d. Two species of insects produce infertile offspring. 


Solution: 


1D) 


Free Response 


Exercise: 
Problem: 


Why do island chains provide ideal conditions for adaptive radiation to 
occur? 


Solution: 


Organisms of one species can arrive to an island together and then 
disperse throughout the chain, each settling into different niches and 
exploiting different food resources to reduce competition. 


Exercise: 


Problem: 


Two species of fish had recently undergone sympatric speciation. The 
males of each species had a different coloring through which the 
females could identify and choose a partner from her own species. 
After some time, pollution made the lake so cloudy that it was hard for 
females to distinguish colors. What might take place in this situation? 


Solution: 
It is likely the two species would start to reproduce with each other. 


Depending on the viability of their offspring, they may fuse back into 
one species. 


Exercise: 


Problem: 

Why can polyploidy individuals lead to speciation fairly quickly? 
Solution: 

The formation of gametes with new n numbers can occur in one 
generation. After a couple of generations, enough of these new hybrids 
can form to reproduce together as a new species. 


Glossary 


adaptive radiation 
speciation when one species radiates out to form several other species 


allopatric speciation 
speciation that occurs via geographic separation 


allopolyploid 
polyploidy formed between two related, but separate species 


aneuploidy 


condition of a cell having an extra chromosome or missing a 
chromosome for its species 


autopolyploid 
polyploidy formed within a single species 


behavioral isolation 
type of reproductive isolation that occurs when a specific behavior or 
lack of one prevents reproduction from taking place 


dispersal 
allopatric speciation that occurs when a few members of a species 
move to anew geographical area 


gametic barrier 
prezygotic barrier occurring when closely related individuals of 
different species mate, but differences in their gamete cells (eggs and 
sperm) prevent fertilization from taking place 


habitat isolation 
reproductive isolation resulting when populations of a species move or 
are moved to a new habitat, taking up residence in a place that no 
longer overlaps with the other populations of the same species 


hybrid 
offspring of two closely related individuals, not of the same species 


postzygotic barrier 
reproductive isolation mechanism that occurs after zygote formation 


prezygotic barrier 
reproductive isolation mechanism that occurs before zygote formation 


reproductive isolation 
situation that occurs when a species is reproductively independent 
from other species; this may be brought about by behavior, location, or 
reproductive barriers 


speciation 
formation of a new species 


species 
group of populations that interbreed and produce fertile offspring 


sympatric speciation 
speciation that occurs in the same geographic space 


temporal isolation 
differences in breeding schedules that can act as a form of prezygotic 
barrier leading to reproductive isolation 


vicariance 
allopatric speciation that occurs when something in the environment 
separates organisms of the same species into separate groups 


The Evolutionary History of the Animal Kingdom 
By the end of this section, you will be able to: 


e Describe the features that characterized the earliest animals and when 
they appeared on earth 

e Explain the significance of the Cambrian period for animal evolution 
and the changes in animal diversity that took place during that time 

e Describe some of the unresolved questions surrounding the Cambrian 
explosion 

e Discuss the implications of mass animal extinctions that have occurred 
in evolutionary history 


Many questions regarding the origins and evolutionary history of the animal 
kingdom continue to be researched and debated, as new fossil and 
molecular evidence change prevailing theories. Some of these questions 
include the following: How long have animals existed on Earth? What were 
the earliest members of the animal kingdom, and what organism was their 
common ancestor? While animal diversity increased during the Cambrian 
period of the Paleozoic era, 530 million years ago, modern fossil evidence 
suggests that primitive animal species existed much earlier. 


Pre-Cambrian Animal Life 


The time before the Cambrian period is known as the Ediacaran period 
(from about 635 million years ago to 543 million years ago), the final 
period of the late Proterozoic Neoproterozoic Era ([link]). It is believed that 
early animal life, termed Ediacaran biota, evolved from protists at this time. 
Some protist species called choanoflagellates closely resemble the 
choanocyte cells in the simplest animals, sponges. In addition to their 
morphological similarity, molecular analyses have revealed similar 
sequence homologies in their DNA. 
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(a) Earth’s history is divided into eons, eras, and periods. 
Note that the Ediacaran period starts in the Proterozoic eon 
and ends in the Cambrian period of the Phanerozoic eon. (b) 
Stages on the geological time scale are represented as a 
spiral. (credit: modification of work by USGS) 


The earliest life comprising Ediacaran biota was long believed to include 
only tiny, sessile, soft-bodied sea creatures. However, recently there has 
been increasing scientific evidence suggesting that more varied and 
complex animal species lived during this time, and possibly even before the 
Ediacaran period. 


Fossils believed to represent the oldest animals with hard body parts were 
recently discovered in South Australia. These sponge-like fossils, named 
Coronacollina acula, date back as far as 560 million years, and are believed 
to show the existence of hard body parts and spicules that extended 20—40 
cm from the main body (estimated about 5 cm long). Other fossils from the 
Ediacaran period are shown in [link]ab. 


Fossils of (a) Cyclomedusa and (b) 
Dickinsonia date to 650 million years ago, 
during the Ediacaran period. (credit: 
modification of work by 
“Smith609”/Wikimedia Commons) 


Another recent fossil discovery may represent the earliest animal species 
ever found. While the validity of this claim is still under investigation, these 
primitive fossils appear to be small, one-centimeter long, sponge-like 
creatures. These fossils from South Australia date back 650 million years, 
actually placing the putative animal before the great ice age extinction event 
that marked the transition between the Cryogenian period and the 
Ediacaran period. Until this discovery, most scientists believed that there 
was no animal life prior to the Ediacaran period. Many scientists now 
believe that animals may in fact have evolved during the Cryogenian 
period. 


The Cambrian Explosion of Animal Life 


The Cambrian period, occurring between approximately 542—488 million 
years ago, marks the most rapid evolution of new animal phyla and animal 
diversity in Earth’s history. It is believed that most of the animal phyla in 
existence today had their origins during this time, often referred to as the 
Cambrian explosion (({link]). Echinoderms, mollusks, worms, arthropods, 
and chordates arose during this period. One of the most dominant species 


during the Cambrian period was the trilobite, an arthropod that was among 
the first animals to exhibit a sense of vision ([link]abcd). 


An artist’s rendition depicts some 
organisms from the Cambrian period. 


These fossils (a—d) belong to trilobites, 
extinct arthropods that appeared in the 
early Cambrian period, 525 million years 
ago, and disappeared from the fossil 
record during a mass extinction at the end 
of the Permian period, about 250 million 
years ago. 


The cause of the Cambrian explosion is still debated. There are many 
theories that attempt to answer this question. Environmental changes may 
have created a more suitable environment for animal life. Examples of these 
changes include rising atmospheric oxygen levels and large increases in 
oceanic calcium concentrations that preceded the Cambrian period ((link]). 
Some scientists believe that an expansive, continental shelf with numerous 
shallow lagoons or pools provided the necessary living space for larger 
numbers of different types of animals to co-exist. There is also support for 
theories that argue that ecological relationships between species, such as 
changes in the food web, competition for food and space, and predator-prey 


relationships, were primed to promote a sudden massive coevolution of 
species. Yet other theories claim genetic and developmental reasons for the 
Cambrian explosion. The morphological flexibility and complexity of 
animal development afforded by the evolution of Hox control genes may 
have provided the necessary opportunities for increases in possible animal 
morphologies at the time of the Cambrian period. Theories that attempt to 
explain why the Cambrian explosion happened must be able to provide 
valid reasons for the massive animal diversification, as well as explain why 
it happened when it did. There is evidence that both supports and refutes 
each of the theories described above, and the answer may very well be a 
combination of these and other theories. 
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The oxygen concentration in Earth’s atmosphere 
rose sharply around 300 million years ago. 


However, unresolved questions about the animal diversification that took 
place during the Cambrian period remain. For example, we do not 
understand how the evolution of so many species occurred in such a short 
period of time. Was there really an “explosion” of life at this particular 
time? Some scientists question the validity of the this idea, because there is 


increasing evidence to suggest that more animal life existed prior to the 
Cambrian period and that other similar species’ so-called explosions (or 
radiations) occurred later in history as well. Furthermore, the vast 
diversification of animal species that appears to have begun during the 
Cambrian period continued well into the following Ordovician period. 
Despite some of these arguments, most scientists agree that the Cambrian 
period marked a time of impressively rapid animal evolution and 
diversification that is unmatched elsewhere during history. 


Note: 
Link to Learning 
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View an animation of what ocean life may have been like during the 
Cambrian explosion. 
https://www.openstaxcollege.org/l/ocean_ life 


Post-Cambrian Evolution and Mass Extinctions 


The periods that followed the Cambrian during the Paleozoic Era are 
marked by further animal evolution and the emergence of many new orders, 
families, and species. As animal phyla continued to diversify, new species 
adapted to new ecological niches. During the Ordovician period, which 
followed the Cambrian period, plant life first appeared on land. This change 
allowed formerly aquatic animal species to invade land, feeding directly on 
plants or decaying vegetation. Continual changes in temperature and 
moisture throughout the remainder of the Paleozoic Era due to continental 
plate movements encouraged the development of new adaptations to 


terrestrial existence in animals, such as limbed appendages in amphibians 
and epidermal scales in reptiles. 


Changes in the environment often create new niches (living spaces) that 
contribute to rapid speciation and increased diversity. On the other hand, 
cataclysmic events, such as volcanic eruptions and meteor strikes that 
obliterate life, can result in devastating losses of diversity. Such periods of 
mass extinction ((link]) have occurred repeatedly in the evolutionary 
record of life, erasing some genetic lines while creating room for others to 
evolve into the empty niches left behind. The end of the Permian period 
(and the Paleozoic Era) was marked by the largest mass extinction event in 
Earth’s history, a loss of roughly 95 percent of the extant species at that 
time. Some of the dominant phyla in the world’s oceans, such as the 
trilobites, disappeared completely. On land, the disappearance of some 
dominant species of Permian reptiles made it possible for a new line of 
reptiles to emerge, the dinosaurs. The warm and stable climatic conditions 
of the ensuing Mesozoic Era promoted an explosive diversification of 
dinosaurs into every conceivable niche in land, air, and water. Plants, too, 
radiated into new landscapes and empty niches, creating complex 
communities of producers and consumers, some of which became very 
large on the abundant food available. 


Another mass extinction event occurred at the end of the Cretaceous period, 
bringing the Mesozoic Era to an end. Skies darkened and temperatures fell 
as a large meteor impact and tons of volcanic ash blocked incoming 
sunlight. Plants died, herbivores and carnivores starved, and the mostly 
cold-blooded dinosaurs ceded their dominance of the landscape to more 
warm-blooded mammals. In the following Cenozoic Era, mammals radiated 
into terrestrial and aquatic niches once occupied by dinosaurs, and birds, the 
warm-blooded offshoots of one line of the ruling reptiles, became aerial 
specialists. The appearance and dominance of flowering plants in the 
Cenozoic Era created new niches for insects, as well as for birds and 
mammals. Changes in animal species diversity during the late Cretaceous 
and early Cenozoic were also promoted by a dramatic shift in Earth’s 
geography, as continental plates slid over the crust into their current 
positions, leaving some animal groups isolated on islands and continents, or 
separated by mountain ranges or inland seas from other competitors. Early 


in the Cenozoic, new ecosystems appeared, with the evolution of grasses 
and coral reefs. Late in the Cenozoic, further extinctions followed by 
speciation occurred during ice ages that covered high latitudes with ice and 
then retreated, leaving new open spaces for colonization. 


Note: 
Link to Learning 
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Watch the following video to learn more about the mass extinctions. 
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Mass extinctions have occurred repeatedly 
over geological time. 


Note: 

Career Connection 

Paleontologist 

Natural history museums contain the fossil casts of extinct animals and 
information about how these animals evolved, lived, and died. 
Paleontogists are scientists who study prehistoric life. They use fossils to 
observe and explain how life evolved on Earth and how species interacted 
with each other and with the environment. A paleontologist needs to be 
knowledgeable in biology, ecology, chemistry, geology, and many other 
scientific disciplines. A paleontologist’s work may involve field studies: 
searching for and studying fossils. In addition to digging for and finding 
fossils, paleontologists also prepare fossils for further study and analysis. 
Although dinosaurs are probably the first animals that come to mind when 
thinking about paleontology, paleontologists study everything from plant 
life, fungi, and fish to sea animals and birds. 

An undergraduate degree in earth science or biology is a good place to start 
toward the career path of becoming a paleontologist. Most often, a 
graduate degree is necessary. Additionally, work experience in a museum 
or in a paleontology lab is useful. 


Section Summary 


The most rapid diversification and evolution of animal species in all of 
history occurred during the Cambrian period of the Paleozoic Era, a 
phenomenon known as the Cambrian explosion. Until recently, scientists 
believed that there were only very few tiny and simplistic animal species in 
existence before this period. However, recent fossil discoveries have 
revealed that additional, larger, and more complex animals existed during 
the Ediacaran period, and even possibly earlier, during the Cryogenian 
period. Still, the Cambrian period undoubtedly witnessed the emergence of 
the majority of animal phyla that we know today, although many questions 
remain unresolved about this historical phenomenon. 


The remainder of the Paleozoic Era is marked by the growing appearance of 
new classes, families, and species, and the early colonization of land by 


certain marine animals. The evolutionary history of animals is also marked 
by numerous major extinction events, each of which wiped out a majority 
of extant species. Some species of most animal phyla survived these 
extinctions, allowing the phyla to persist and continue to evolve into species 
that we see today. 


Review Questions 


Exercise: 
Problem: 


Which of the following periods is the earliest during which animals 
may have appeared? 


a. Ordovician period 
b. Cambrian period 
c. Ediacaran period 
d. Cryogenian period 


Solution: 


D 
Exercise: 
Problem: 


What type of data is primarily used to determine the existence and 
appearance of early animal species? 


a. molecular data 

b. fossil data 

c. morphological data 

d. embryological development data 


Solution: 


B 
Exercise: 


Problem: 
The time between 542-488 million years ago marks which period? 


a. Cambrian period 
b. Silurian period 

c. Ediacaran period 
d. Devonian period 


Solution: 


A 
Exercise: 


Problem: 


Until recent discoveries suggested otherwise, animals existing before 
the Cambrian period were believed to be: 


a. small and ocean-dwelling 

b. small and non-motile 

c. small and soft-bodied 

d. small and radially symmetrical or asymmetrical 


Solution: 


C 
Exercise: 


Problem: 
Plant life first appeared on land during which of the following periods? 


a. Cambrian period 


b. Ordovician period 
c. Silurian period 
d. Devonian period 


Solution: 


B 
Exercise: 


Problem: 


Approximately how many mass extinction events occurred throughout 
the evolutionary history of animals? 


a. 3 
b. 4 
GS 
d. more than 5 
Solution: 


D 


Free Response 


Exercise: 


Problem: 


Briefly describe at least two theories that attempt to explain the cause 
of the Cambrian explosion. 


Solution: 


One theory states that environmental factors led to the Cambrian 
explosion. For example, the rise in atmospheric oxygen and oceanic 


calcium levels helped to provide the right environmental conditions to 
allow such a rapid evolution of new animal phyla. Another theory 
states that ecological factors such as competitive pressures and 
predator-prey relationships reached a threshold that supported the rapid 
animal evolution that took place during the Cambrian period. 


Exercise: 


Problem: 


How is it that most, if not all, of the extant animal phyla today evolved 
during the Cambrian period if so many massive extinction events have 
taken place since then? 


Solution: 


It is true that multiple mass extinction events have taken place since 
the Cambrian period, when most currently existing animal phyla 
appeared, and the majority of animal species were commonly wiped 
out during these events. However, a small number of animal species 
representing each phylum were usually able to survive each extinction 
event, allowing the phylum to continue to evolve rather than become 
altogether extinct. 


Glossary 


Cambrian explosion 
time during the Cambrian period (542-488 million years ago) when 
most of the animal phyla in existence today evolved 


Cryogenian period 
geologic period (850-630 million years ago) characterized by a very 
cold global climate 


Ediacaran period 
geological period (630-542 million years ago) when the oldest definite 
multicellular organisms with tissues evolved 


mass extinction 
event that wipes out the majority of species within a relatively short 
geological time period 


